Abstract. The mechanisms underlying the bleeding manifestations and coagulopathy associated with dengue remain unclear, in part because of the focus of much previous work on severe disease without an appropriate comparison group. We describe detailed clinical and laboratory profiles for a large group of children with dengue of all severities, and a group with similar non-dengue febrile illnesses, all followed prospectively from early presentation through to recovery. Among the dengue-infected patients but not the controls, thrombocytopenia, increased partial thromboplastin times and reduced fibrinogen concentrations were apparent from an early stage, and these abnormalities correlated strongly with the severity and timing of vascular leakage but not bleeding. There was little evidence of procoagulant activation. The findings do not support a primary diagnosis of disseminated intravascular coagulation to explain the intrinsic coagulopathy. An alternative biologically plausible hypothesis is discussed.
INTRODUCTION
During the latter half of the twentieth century dengue emerged as a major public health problem for the tropical world. 1 The frequency of epidemics increased, severe disease became increasingly common, and the virus and its mosquito vectors began spreading to new geographic locations. 2, 3 Globally, dengue now ranks among the most important viral infections affecting humans.
Infection may be asymptomatic or may lead to a spectrum of clinical disease patterns ranging from undifferentiated fever to dengue fever (DF), dengue hemorrhagic fever (DHF), or dengue shock syndrome (DSS). 4 Although adults may experience serious complications the burden of severe disease falls mainly on children, 5, 6 and in many countries in Asia dengue ranks among the leading causes of hospitalization and death for the pediatric population. The pathognomonic feature of DHF is an increase in systemic vascular permeability resulting in reduced intravascular plasma volume, with progression to hypovolemic shock in severe cases. However, the pathologic process reverses spontaneously after a few days and most patients recover with appropriate supportive care. 4, 7 Thrombocytopenia and coagulopathy are also prominent features of symptomatic infection. In children, minor hemorrhagic manifestations are commonly observed but major bleeding is unusual except in association with profound shock. 8, 9 The pathogenesis of hemorrhage associated with dengue infection remains poorly understood, and there are conflicting opinions as to whether disseminated intravascular coagulation (DIC) occurs, and whether fibrinolysis is activated or impaired. [9] [10] [11] [12] [13] [14] Most studies to date have enrolled relatively small patient numbers, often focusing on subjects with severe disease in whom secondary dysfunction of multiple organ systems likely confounds results. There have been few studies documenting serial changes in hemostatic parameters across the whole disease spectrum as the clinical manifestations evolve over time. Finally, most groups have used the current World Health Organization (WHO) classification system for assessment of severity. It is becoming increasingly apparent that there is overlap between the various diagnostic categories defined by this system and that classification of individual patients is not always straightforward. [15] [16] [17] In addition, use of the WHO system precludes examination of potentially important relationships between individual criteria, such as bleeding or vascular leakage, and the parameters of interest.
Documentation of the natural history of the disease, together with increased efforts to understand the underlying mechanisms predisposing to hemorrhage, are becoming more important as the significance of dengue increases globally: early development of thrombocytopenia or coagulation disturbances may be predictive of subsequent complications; in certain parts of the world prophylactic platelet transfusions are given, and it is essential that the rationale for such transfusions is assessed critically before this becomes established practice 18 ; and finally, better knowledge of disease pathogenesis may allow the development of novel therapies for patients who do experience severe bleeding. We conducted a systematic study of a large cohort of children with suspected dengue infection, following them prospectively from presentation in the early febrile phase through to recovery. In addition to showing the evolution of the coagulopathy, we focused on studying relationships between hemostatic abnormalities and the severity of vascular leakage and bleeding assessed independently.
METHODS
Patients and clinical methods. Previously healthy children, 2-15 years of age, admitted to one of the infectious disease wards at the Hospital for Tropical Diseases of Ho Chi Minh City with fever of short duration and clinically suspected dengue were eligible for enrollment into the study provided a parent or guardian gave informed consent. The nature of the local healthcare system means that children with relatively mild disease are frequently admitted to the hospital for observation rather than managed at home. Ethical approval for the study was obtained from the Scientific and Ethical Committee of the hospital.
History and detailed examination findings were recorded on standard proforma shortly after admission, and a blood sample was obtained for hematocrit and platelet measurements, coagulation profile, and dengue diagnostics. A trained study doctor assessed each child daily, focusing particularly on signs of vascular leakage or bleeding, and blood was obtained at least once daily for hematocrit and platelet count. A standard tourniquet test was performed daily until positive according to the WHO guidelines. Additional studies and management were as deemed appropriate by the ward clinicians. Patients developing cardiovascular compromise, significant bleeding, or any other complications were transferred to the pediatric intensive care unit in accordance with hospital policy, but continued to be followed daily according to the study protocol. Repeat samples for coagulation profile and dengue diagnostics were obtained around Day 6 of illness, if shock or other complications developed, at discharge and at a follow-up visit after 1 month.
Retrospectively, each patient was classified into one of four vascular leakage categories according to the overall severity of hemoconcentration and/or the development of shock. The peak hematocrit (minimum requirement of 3 consecutive days of hematocrit recordings, including at least 2 days around defervescence, the critical period for leakage) was compared with a baseline value defined as either 1) the lowest value obtained before Day 3 of illness provided the platelet count was at least 100,000 mm 3 on the same sample, or 2) the followu p value provided that no mucosal bleeding had occurred. In the event that no suitable value was available for an individual patient, the age-and sex-specific population mean was taken from a database of hematocrit data on more than 1,000 healthy children in Ho Chi Minh City (unpublished data). The percentage hemoconcentration was then coded as follows: A = 10% or less change in hematocrit, consistent with normal variability; B = at least 10% but less than 20% change in hematocrit, indicating mild hemoconcentration and suggestive of vascular leakage; C = 20% or more change in hematocrit indicating significant hemoconcentration, but without cardiovascular compromise; D = clinical shock requiring resuscitation. Chest x-ray and/or ultrasound scan were only performed in patients with a clinical indication and, other than among the children who developed shock, pleural effusions or ascites were not detected clinically. Therefore, these parameters were not included in the systematic classification of vascular leakage.
Bleeding manifestations were also coded retrospectively for all patients as follows: no clinical bleeding evident; petechiae or bruising at venepuncture sites only; minor mucosal bleeding; significant mucosal bleeding necessitating intervention (e.g., pediatric intensive care unit [PICU] transfer for close observation, nasal packing, blood transfusion).
Laboratory methods. Daily hematocrit and platelet counts were performed in the routine hematology laboratory using an ADVIA 60 analyzer (Bayer, Germany ). All research blood samples were separated within 4 hours, aliquoted and stored at −70°C pending subsequent analysis. Coagulation profiles, comprising prothrombin time (PT), activated partial thromboplastin time (APTT), fibrinogen concentration, and a semi-quantitative test for fibrin degradation products (FDPs), were performed in batches in a specialist hematology laboratory using kits from Diagnostica Stago (France) . Results for samples with visible hemo lysis were discarded.
For confirmation of dengue infection, paired plasma samples were tested using Dengue Duo IgM and IgG Capture ELISA kits (Panbio, Australia ), interpreted according to the manufacturer's instructions. Reverse transcription-polymerase chain reaction (RT-PCR) was also carried out on acute samples from patients with negative or indetermi nate serology, according to the method of Lanciotti and others. 
RESULTS
Between August 2002 and January 2004 a total of 431 children with symptoms of a viral syndrome thought likely to be dengue were recruited into the study. All the children recovered completely and 50% attended for follow-up after 1 month. Three hundred seventy-five patients were confirmed serologically to have had acute dengue infection. Forty patients who had conclusively negative serology and PCR, and recovered without antibiotic therapy, were considered to have had other febrile illnesses (OFI), most likely viral in origin although no further diagnostics were available. The remaining 16 patients had indeterminate serology and negative PCR.
There were limited clinical and/or laboratory data available for eight of the confirmed dengue-infected patients, but all others were classified for the overall severity of vascular leakage, as described previously. Summary data for these patients and the children with OFI were basically similar ( Table 1 ) . Children with confirmed dengue who went on to develop shock presented a little later than other patients ( P = 0.02). All were identified at an early stage when in compensated shock and recovered rapidly with standard treatment. As expected, patients with shock received considerably more parenteral fluid therapy than other groups, and those without shock received progressively more intravenous fluid as the severity of hemoconcentration increased ( P < 0.01). Bleeding was more common ( P < 0.001) in the confirmed dengue patients when compared with the OFI group, largely as a result of minor skin bleeding in the dengue group. Bleeding was also more common in the dengue-infected patients with shock than those without ( P < 0.001). Only one child experienced clinically significant bleeding, developing melaena and a notable drop in hematocrit after shock resuscitation, but made a good recovery without transfusion. Hemorrhagic manifestations were similar across the three vascular leak categories without shock; mucosal bleeding was relatively infrequent in all three groups and in most cases amounted to minor epistaxis or gum bleeding only.
Coagulopathy. Results of the serial coagulation tests for the dengue-infected children are shown in Table 2 , showing within-patient changes over time in each leakage category. Figure 1 , shows the differences between the leakage categories within each time period. The APTT results were significantly prolonged during the early febrile period, peaked during the critical period, and were improving by the convalescent period, both within the individual vascular leak categories ( Table 2 ) and with a trend toward higher values with increasingly severe leak (Cuzick test P < 0.001 for the critical period and 0.03 for the convalescent period, Figure 1 ). Fibrinogen concentrations were significantly depressed during the critical period and remained so in convalescence, and also with consistent patterns within ( Table 2 ) and across the vascular leak groups (Cuzick test P < 0.001 for the critical period, and 0.01 for the convalescent period, Figure 1 ). Although patients with more severe vascular leakage received proportionately more parenteral fluid therapy overall, there was no relationship between fibrinogen concentrations and the volume of fluid received each day (data not shown), excluding the possibility of a purely dilutional effect. There were highly significant negative correlations between APTT and fibrinogen (Spearman correlation of −0.2, P < 0.01 for the early and critical periods and −0.3, P < 0.001 for the convalescent period) during the acute illness but not at follow-up.
The PT values were marginally increased during the early febrile period in some but not all leak categories, with a relatively weak trend association (Cuzick test, P = 0.03). Overall however, the PT abnormalities demonstrated were minor, and were not distinct from those seen in the OFI group at this time. For the critical period, correlations with percentage hemoconcentration as a continuous variable rather than by leakage category confirmed a highly significant association with APTT (Spearman correlation of 0.3, P < 0.001) and fibrinogen (Spearman correlation of 0.2, P < 0.001), and a weaker association with PT (Spearman correlation of 0.2, P = 0.01). In addition, a significant correlation between PT and APTT was apparent for each time period (Spearman correlation of 0.2-0.3, P < 0.01), but this relationship was maintained in the follow-up samples (Spearman correlation of 0.2, P = 0.01) indicating that at least in part this reflects normal hemostatic balance.
Results for the OFI group were similar for each time period to the follow-up values in both OFI and dengue-infected patients ( Figure 1 ), and corresponded with the expected normal ranges for these parameters. Positive FDPs, in general weakly rather than strongly positive, were noted in up to 10% of follow-up samples and around 20-25% of acute samples, although reaching 45% in dengue group C during the critical period . There were no associations between positive FDPs and either vascular leak or bleeding severity. In addition, no associations or trends were demonstrated between bleeding severity and any of the other coagulation tests at any time.
Thrombocytopenia. Thrombocytopenia was evident in all dengue-infected patients, and the serial platelet counts were helpful in differentiating these children from those with OFI ( Table 2 ). In the children with dengue the platelet count dropped progressively from Day 2 onward, with a median (90% range) nadir of 54,000/mm 3 (16,000 − 142,000), occurring in most cases on Day 6. By comparison, patients with OFI showed only mild thrombocytopenia, median (90% range) nadir of 169,000/mm 3 (52,000 − 296,000), usually on Day 3 of illness, with only minor changes over time. A platelet count of 100,000/mm 3 or less was recorded at some point in 311/367 (85%) of the dengue patients compared with 4/40 (10%) of the OFI group, and in 24% of the dengue group the lowest recorded value was 30,000/mm 3 or below. No patient received any blood products, and recovery of the platelet count was as rapid as the decline.
A strong association between platelet count and severity of vascular leak is shown in Figure 1 . There was an obvious trend to increasing thrombocytopenia with increasing vascular leakage, and this was apparent even in the early febrile phase before the development of hemoconcentration (Cuzick test, P < 0.001 for early, critical, and convalescent periods). In contrast, the associations between platelet count and severity of bleeding were much weaker (Cuzick test, P = 0.03 for the critical and 0.04 for the convalescent periods). The platelet nadir was 56,000/mm 3 on Day 6 in the one child with significant mucosal bleeding, with recovery to 100,000/mm 3 by Day 8. Tourniquet test. The tourniquet test was positive in 270/365 (74%) of dengue-infected patients as compared with 13/40 (33%) of children with OFI ( P < 0.001). In the dengue group, 52% were positive on the first test but 26% required testing for 3 or more days before a positive result was seen. Those who had a positive test at any time were more likely to manifest some other evidence of bleeding ( P < 0.001), and there was an association with the maximum recorded APTT (median and 90% range of 35 [32-47] seconds in consistently negative patients, versus 36.5 [32-48] seconds in those with a positive test, P = 0.02). There were no associations between a positive test and the other coagulation parameters, the severity of vascular leakage, the overall platelet nadir, or the daily platelet counts.
DISCUSSION
This study presents a careful evaluation of clinical bleeding manifestations, vascular leakage, and hemostatic indices in a large group of children with dengue infection, recruited early and followed prospectively from the initial febrile phase through the critical and convalescent phases to full recovery. In addition to documenting the evolution of changes over time, by focusing on relatively mild disease we were able to study the intrinsic nature of the coagulopathy without the confounding effects of hypovolaemia or shock. We were careful to minimize the potential effects of difficult venesection and delayed sample separation on the coagulation profiles, and, by comparing results in the dengue group to those from children with OFI, to allow for possible non-specific effects of fever and mild systemic disturbance.
Spontaneous bleeding was infrequent in the dengue group, with 40% having no bleeding at all throughout the illness. In the remainder only minor skin or mucosal bleeding were seen apart from the one child who experienced gastrointestinal bleeding after the development of shock. Significant thrombocytopenia was universal in the dengue-infected children, and a strong association with the subsequent severity of vascular leakage was apparent from a very early stage. Although mild thrombocytopenia was also noted in the OFI group, counts less than 100,000 were rare and rapidly improved. A mild to moderate increase in the APTT and a reduction in fibrinogen concentration were the two consistent coagulation abnormalities detected in the dengue group and absent in the OFI group. Clear patterns emerged both over time and in relation to the overall severity of vascular leakage, although not in relation to bleeding severity. Minor increases in PT were apparent during the early febrile phase in the dengue group but were not significantly different to the changes seen at a similar time in children with OFI. These findings are in agreement with previous studies involving small numbers of patients with mild disease, 20, 21 but in addition clearly show the temporal association of the APTT and fibrinogen changes with the period of maximal vascular leakage.
Apart from thrombocytopenia the hemostatic changes demonstrated were all relatively minor and unlikely to result in spontaneous bleeding. However, the implications for understanding dengue pathogenesis are important. Production of fibrinogen normally increases during acute infections. If DIC explains the basic dengue coagulopathy, consumption of fibrinogen sufficient to result in the low levels demonstrated here would usually be accompanied by evidence of procoagulant activation. Yet only small increases in PT were observed, primarily in the early febrile phase, and these were similar to the changes noted in the OFI group. Similarly, FDPs were demonstrated in relatively few samples. Independent activation of the fibrinolytic pathway might explain the findings, although the lack of a proportionate increase in FDPs remains puzzling. It is known that dengue can directly activate plasminogen in vitro , 22 and that plasminogen cross-reactive antibodies are elicited during infection. 23 , 24 The use of ultrasensitive D-dimer testing might have indentified low level fibrinolysis, either Table 2 Serial coagulation screening tests for 367 children with confirmed dengue infection, presented according to the severity of vascular leakage, and grouped by day from onset of fever at the time of sampling * * FU = follow up; PT = prothrombin time; APTT = activated partial thromboplastin time; FDP = fibrin degradation products.
† 0.01 90% range 11.9-15.6 11.9-13.3 11.9-13.0 11.9-13.6 11.9-16.0 11.9-13.6 11.9-13.8 11.9-13.7 11.9-16.9 11.9-15.4 11.9-13.9 11.9-13.9 11.9-16.9 11.9-14.7 11.9-15.0 11. 50 (78) 50 (85) 52 (94) 39 (81) 54 (77) 47 (81) 38 (91) 38 (73) 36 (55) 47 (78) 37 (90) 11 (79) 16 (84) 10 (72) 10 (100) Weakly positive 7 (12) 10 (16) 5 (8) 2 (4) 5 (11) 11 (16) 7 (12) 3 (7) 8 (15) 17 (26) 6 (10) 4 (10) 2 (14) 2 (11) 2 (14) 0 (0) Strongly positive 5 (9) 4 (6) 4 (7) 1 (2) 4 (8) 5 (7) 4 (7) 1 (2) 6 (12) 12 (19) 7 (12) 0 (0) 1 (7) 1 (5) 2 (14) 0 ( 12-92 -secondary to DIC or to primary activation of fibrinolysis, but these tests are expensive and we were also limited by the volume of samples available. In other studies, measurement of specific coagulation proteins has produced conflicting results with some groups suggesting that the fibrinolytic pathway is activated, whereas others indicate that fibrinolysis is impaired in patients with DHF. [11] [12] [13] In most of the studies procoagulant markers tended to be increased, although without clear evidence in support of DIC. It must be stressed, however, that these studies were carried out mainly in patients with severe disease and extrapolation of the findings to explain the coagulopathy associated with uncomplicated dengue infections is likely to be misleading.
Elucidating what happens to fibrinogen could be crucial in determining the pathogenesis of the intrinsic dengue associated coagulopathy. In recent years considerable advances have been made toward understanding the mechanisms controlling microvascular permeability. 25 Basic ultrafiltration is now thought to be regulated primarily by the endothelial surface glycocalyx rather than by endothelial cells per se. Although fibrinogen is a large molecule (340 kDa), there is evidence from in vivo animal studies that it permeates the endothelial surface layer at a very similar rate to albumin (69 kDa). 26 During dengue infections the transcapillary filtration of albumin increases markedly. 27 It may be that fibrinogen filtration increases in a similar manner and that the low plasma concentrations measured simply reflect loss from the intravascular to the interstitial space. A pathologic process involving the endothelial surface glycocalyx could also offer a potential explanation for the increase in APTT seen in these patients. Glycosaminoglycans, such as heparan sulfate, form an integral part of the bush-like structure that is the backbone of the glycocalyx layer; if minor damage occurred and heparan sulfate were liberated into the circulation this would function as an anticoagulant similar to heparin and would be expected to result in prolongation of the APTT. 28 We have demonstrated that the reduction in fibrinogen levels and increases in APTT are strongly associated with vascular leakage both temporally and in terms of severity, and a pathological mechanism that involved a specific capillary structure and linked all three effects would be compelling. Histopathologic studies to date have not shown any obvious vascular abnormalities Within each time-period relationships across the dengue vascular leakage categories were examined using the Cuzick test for trend. * 0.01 > P < 0.05. ** 0.001 > P < 0.01. *** P < 0.001. but have been limited to examination of cellular structures, as the glycocalyx layer is difficult to visualize using conventional methods. 29 However, novel techniques are now available to interrogate both the structure and function of the glycocalyx and will hopefully provide interesting insights into dengue pathogenesis in the future.
The study also confirms the strong association between thrombocytopenia and severity of vascular leakage. This association was apparent from the early febrile phase when absolute counts were still above 100,000/mm 3 in most patients, and signs of leakage were not yet apparent. The rate of fall in serial platelet counts at this stage could prove to be a useful predictor for the subsequent development of shock and merits further study in a larger series. The rapid rise in platelet counts during the convalescent period is also noteworthy and indicates that prophylactic platelet transfusions are unlikely to be of any benefit in children. Reports of clinical disease profiles in adults suggest that serious bleeding may be more common than in children but it is of concern that prophylactic platelet transfusions, with all their attendant risks, are becoming commonplace for adult patients in some countries. 18, 30, 31 Similar descriptive series documenting the natural history of the thrombocytopenia and coagulopathy in adults need to be performed, and clear evidence of efficacy obtained, before this practice becomes established.
In summary, thrombocytopenia, prolongation of the APTT, and a reduction in fibrinogen concentration are typical and consistent findings during mild dengue infection, and all three abnormalities are strongly associated with the severity of vascular leakage. Bleeding is unusual but probably arises when tissue integrity is breached for any reason in the presence of these derangements. The pattern of abnormalities seen is not consistent with classic DIC and alternative underlying mechanisms need to be studied.
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